Translation of hepatitis C virus (HCV) RNA is initiated via the internal ribosome entry site (IRES), located within the 59 untranslated region. Although the secondary structure of this element has been predicted, little information on the tertiary structure is available. Here we report the first structural characterization of the HCV IRES using electron microscopy. In vitro transcribed RNA appeared as particles with characteristic morphology and gold labeling using a specific oligonucleotide confirmed them to be HCV IRES. Dimerization of the IRES by hybridization with tandem repeat oligonucleotides allowed the identification of domain III and an assignment of domains II and IV to distinct regions within the molecule. Using immunogold labeling, the pyrimidine tract binding protein (PTB) was shown to bind to domain III. Structure-function relationships based on the flexible hinge between domains II and III are suggested. Finally, the architecture of the HCV IRES was seen to be markedly different from that of a picornavirus, foot-and-mouth disease virus (FMDV).
INTRODUCTION
In recent years, an increasing number of RNAs have been identified that initiate protein translation by a mechanism that is significantly different from the cap-binding/ ribosome-scanning model (Kozak, 1989) typical for the majority of mRNAs+ This alternative mechanism involves the direct binding of 40s ribosomal subunits to a region of complex secondary structure located upstream of the initiation codon, but downstream of the 59 end of the mRNA+ These internal ribosome entry sites (IRESs) are thus independent of a 59 cap structure and many of the initiation factors associated with it+ IRESs were first demonstrated within the 59 untranslated region (UTR) of poliovirus (Pelletier & Sonenberg, 1988 , 1989 and other picornaviral genomes (Jang et al+, 1988 (Jang et al+, , 1989 Belsham & Brangwyn, 1990; Glass et al+, 1993 )+ Subsequently, other viral genomes, such as those of pestiviruses (Poole et al+, 1995) , and a small number of eukaryotic mRNAs (Macejack & Sarnow, 1991; Vagner et al+, 1995) have been shown to be translated by internal ribosomal entry+
The ability of a structured segment of RNA to direct translation in a cap-independent manner may be conclusively demonstrated by translation of dicistronic constructs in which the putative IRES is placed in the intercistronic space between two different reporter genes (Kaminski et al+, 1994 )+ The downstream reporter gene can only be translated if IRES activity is present+ Using this approach, an IRES was identified within the 59 UTR of the HCV genome (Tsukiyama et al+, 1992) and the minimal sequence requirement for HCV IRES function has been mapped to the region between nt 40-341 (Honda et al+, 1999b )+ However, sequences both up and downstream of the IRES appear to play a role in the control of initiation of translation (Reynolds et al+, 1995; Rijnbrand et al+, 1995) + The structure of the HCV IRES, as predicted from computerized analysis of the sequence, is supported by mutational analysis, ribonuclease mapping, and phylogenetic comparison (Fig+ 1)+ The resulting wellcharacterized secondary structure model for HCV (Brown et al+, 1992; Smith et al+, 1995; Honda et al+, 1996 Honda et al+, , 1999a differs significantly from the predicted models of picornavirus IRESs+ However, there is a high degree of structural homology between the hepacivirus and pestivirus IRES elements despite the low level of sequence homology+ The recognition motifs and functioning of the flavivirus IRES elements may therefore differ in significant details from those of the picornaviruses+ Assembly of the translation machinery at the HCV IRES requires only eIF2 and eIF3 and no other host cell proteins (Pestova et al+, 1998 )+ This is in contrast to the mechanism of translation initiation seen with picornaviruses, which requires many of the canonical initiation factors necessary for cap-dependent initiation (Pestova et al+, 1996) + However, the interaction of eIF4F with picornaviral IRES elements occurs directly via the cleaved eIF4G subunit, or proteolytically derived fragment thereof, rather than the cap-binding eIF4E+ Two noncanonical initiation factors are also involved in picornaviral initiation of translation+ Polypyrimidine tract binding protein (PTB), a 57-kDa protein involved in RNA splicing, is necessary for efficient internal initiation of translation in several picornaviruses, including foot-and-mouth disease virus (FMDV; Borman et al+, 1993; Hellen et al+, 1993; Borvjagin et al+, 1994; Kaminski et al+, 1995; Niepman et al+, 1997 )+ The La autoantigen, a 52-kDa dsRNA unwinding enzyme, increases the activity of the poliovirus IRES (Meerovitch et al+, 1989 (Meerovitch et al+, , 1993 )+ Although there is no absolute requirement for these two proteins in HCV IRESmediated translation, it has been shown that both PTB FIGURE 1. Proposed secondary and tertiary structure of the HCV 59UTR (adapted from Honda et al+, 1999a )+ Arrows represent the start and end of the minimal sequence required for efficient initiation of translation+ Mapped binding sites for eIF3 and p25/S9 by block and lined shading, respectively+ (Ali & Siddiqui, 1995) and La (Ali & Siddiqui, 1997) bind to the IRES+ Association of the 40s ribosomal subunit appears to occur by interaction of the S9 protein with motifs involving domains II and III (Fukushi et al+, 1997; Sizova et al+, 1998 )+ The apical loop of domain III may also mediate in positioning of the 40s ribosomal subunit, as it has sequence complementarity to 18s rRNA+
The relationship between secondary and tertiary structure of the HCV IRES and its function has recently been established (Kieft et al+, 1999) + Correct folding, as demonstrated by small-angle X-ray scattering and chemical and enzymatic probing, was shown to be essential for IRES function+ It was also demonstrated that at physiological salt concentrations, the HCV IRES adopts a unique, active conformation in the absence of the factors required for initiation of translation+ Further biophysical analysis is required to confirm the proposed model and elucidate the three-dimensional structure of this and other IRESs+ Internal ribosomal entry represents a possible target for antiviral therapy and detailed structural information would be of great value for the realization of this potential+
The three-dimensional structure of only a small number of RNA elements has been determined at atomic resolution+ X-ray crystallography was first applied to the naturally abundant tRNA molecules (Kim et al+, 1974; Robertus et al+, 1974) and then to small, chemically synthesized RNA domains (Wahl & Sundaralingam, 1995) + The ability to transcribe large quantities of RNA by in vitro transcription has recently made possible the crystallization of larger RNA structures such as ribozymes+ A substantial increase in the understanding of RNA structure has been gained from the high-resolution ribosome structures recently published (Ban et al+, 2000; Nissen et al+, 2000; Schluenzen et al+, 2000) + However, these RNAs are components of large ribonuclear protein complexes rather than functioning as naked RNA+ IRES elements on the other hand, comprising 300-600 nt, are significantly larger than the biggest RNA structure to be determined to date, that of the 160-nt Tetrahymena thermophila ribozyme (Cate et al+, 1996) + It is likely that they will prove difficult to crystallize in their entirety and resolution of the structure may be problematical+ Thus, alternative approaches that provide low resolution maps of IRESs on which to superimpose high resolution data from X-ray crystallography and cryoelectron microscopy of specific domains will be useful steps en route to determining the completed structure of such large RNA molecules+ Electron microscopy (EM) is a well-established method for studying biomolecular assemblies and has been successfully used to retrieve high-resolution structural data for proteins (e+g+, Chiu et al+, 1998; Haley et al+, 2000) + The adaptation of such methods to the study of large RNA elements provides an attractive way forward+ A combination of electron microscopic with X-ray crystallographic data will help to determine the entire three-dimensional RNA structure+ Here we present for the first time electron microscopic studies of the HCV IRES and compare its observed structure with that of the IRES of a picornavirus, FMDV+
RESULTS

Visualization the HCV IRES
Examination of the transcribed HCV IRES RNA (Fig+ 2A) by transmission electron microscopy, following negative staining with uranyl acetate, revealed distinctive particles comprising three "stems" protruding from a central axis (Fig+ 3A)+ The largest stem (a) consistently measured 18 nm when compared to a calibrating reference grid+ A smaller stem (b) of approximately 10 nm could be seen at various angles to the major stem+ Measurements of 100 images showed the rotation between stems a and b to range from 708 to 1308, with a mean of 958 (Fig+ 3B)+ The shortest stem (stem c) was just 2 nm and in some orientations it appeared to be obscured by the larger stems+
Confirmation of IRES identity
Gold labeling via a biotinylated oligonucleotide, complementary to the loop region of domain IIIb, was used to confirm that the structures seen by electron microscopy were, indeed, HCV IRES transcripts+ The colloidal gold particles appeared as dense circular masses sur- 
Relating observed to predicted structure
To further establish that the visualized structures were HCV IRES elements and to define their orientation, transcripts were coupled by hybridization with tandem repeat oligonucleotides+ Initially, an oligonucleotide complementary to the non-base paired region between domains I and II of the IRES was selected as this is predicted to be single stranded and so available for hybridization+ Coupled molecules were seen (Fig+ 5, i-iv) in which the 10-nm stems (b) were often adjacent to one another+ However, because of the flexibility of the region selected for hybridization, a portion of coupled molecules were aligned such that these stems did not meet+ This shows that although this oligonucleotide joined the molecules in such a way that the stems b were often brought together, hybridization did not occur at the apex of stem b+ Hybridization using oligonucleotide HCEM5 was not performed for the purposes of orientation, but rather to develop the technique and further identify the visualized structures+ A second tandem repeat oligonucleotide was used to hybridize the loop region of domain IIIb+ Figure 5 , v-vii, shows that molecules were aligned such that the tips of the longest stems (a) were joined+ All linked molecules were organized in this way with rotation about the apex of the joined stems resulting from the flexibility of the 10-base spacer between the tandem repeat hybridizing sequences of the oligonucleotide+ The alignment of the HCV IRES structures after coupling at domain IIIb confirms that the 18-nm stem is indeed domain III and that a non-base paired region exists at the apex of this domain corresponding to the loop of domain IIIb+
Interaction of PTB with the HCV IRES
PTB has been reported to bind to the HCV IRES, although it is not essential for IRES function+ Mixtures of IRES and PTB were examined to obtain direct confirmation of their association and to investigate conformational changes in the IRES that might result from PTB binding+ The polyhistidine-tagged protein was purified using metal-affinity resin to give a single band of the expected size when analyzed by PAGE (Fig+ 2C)+ Binding of the recombinant PTB to the HCV IRES was demonstrated by co-immunoprecipitation of the IRES with PTB using monoclonal antipolyhistidine antibodies and protein G-agarose (Fig+ 2D)+ HCV IRES RNA was removed from the binding mix by antipolyhistidine antibodies coupled to protein G-agarose only in the presence of PTB+ When no protein or NS5A (a 56-58-kDa nonstructural protein encoded by HCV) was placed in the binding mix, the HCV IRES remained in solution as co-immunoprecipitation did not occur+ Direct visualization of a protein of 57 kDa was difficult, particularly when bound to the IRES, due to the compact nature of the protein in comparison with the HCV IRES+ Consequently, we employed an immunogold labeling approach to detect the protein+ For this purpose we used an antipolyhistidine antibody that recognized the sixhistidine tag that had been linked to the PTB to facilitate purification+ This complex was then visualized in the EM using protein A-coated colloidal gold+ The binding of PTB was restricted to domain III, the longest stem (Fig+ 4, , one of three PTB binding sites identified by UV crosslinking studies (Fukushi et al+, 1997 )+
Visualization of the FMDV IRES
The HCV IRES differs markedly in size, predicted secondary structure and functional requirements from any of the IRES elements found in picornaviruses+ Therefore, we examined by EM RNA transcripts of the IRES domain of a picornavirus, FMDV, to compare its morphology with that of the HCV element+ The FMDV IRES was transcribed in vitro and analyzed by polyacrylamide gel electrophoresis (Fig+ 2B) prior to negative staining and mounting for EM+ As with HCV, the EM grids contained many examples of particles with distinctive structure, although the appearance of these was strikingly different from the HCV IRES+ The FMDV structure was larger and had a more complex appearance (Fig+ 6A)+ The long stem measured approximately 35-40 nm and each of the two side stems were 6 nm long+ We also examined complexes between the FMDV IRES and PTB (Fig+ 6B), which has been shown by biochemical methods to bind to two distinct regions of the sequence (Luz & Beck, 1990; Kolupaeva et al+, 1996) + Our results confirmed that PTB binds to different sites on the FMDV IRES and its locations on the images allowed us to make a tentative alignment of the predicted structure with the visualized images (Fig+ 6D)+
DISCUSSION
Negative staining has been successfully used to visualize a highly ordered RNA transcript by electron microscopy+ Previous electron microscopic studies of RNA molecules, such as ribozymes, have required the use of polyamines, such as spermidine, to coat the RNA before rotary shadow casting with platinum (Wang et al+, 1994; Nakamura et al+, 1995)+ However, spermidine has recently been shown to alter the conformation of ribozymes (Walter et al+, 1998) and visualization of the HCV IRES in the absence of polyamines removes the uncertainty as to the effects of such agents on the structure of the RNA+ Also, negative staining has the advantage over heavy metal shadowing of exhibiting a finer grain size+ This technique may be used for the characterization of other large RNA structures and facilitate visualization of the interaction of such molecules with RNA-binding proteins+
The three-stemmed appearance of negatively stained HCV IRES transcripts is in good agreement with the predicted model+ It is likely that the three domains visualized represent domains II-IV of the predicted model+ Although domain I is included in the construct, it is unlikely that the single-stranded RNA and the very small loop that forms domain I would be seen at the resolution achieved+ The extended nature of the RNA domains correlates with the results of small angle X-ray scattering (Kieft et al+, 1999) , which suggests that the HCV IRES does not form a globular structure+ The length of the largest feature, domain III, was estimated by assuming that double-stranded regions of the IRES would adopt A form helices with a 2+73-Å rise per base pair and a 25-Å rise for each laterally protruding double helical subdomain+ Using these criteria, domain III was predicted to be .16 nm in length+ However, the presence of bulges and loops makes accurate prediction of the length of the proposed domain impossible+ The 18-nm stem (stem a) seen in the EM images is compatible with domain III+ The second stem (stem b) is 10 nm in length+ This fits well with domain II, which was predicted to be at least 7 nm in length+ The angles between stems a and b (putative domains III and II) suggests some flexibility, the angle ranging between 708 and 1308 with a mean at 958+ A small segment of non-base paired nucleotides in the region joining the stems is likely to be responsible for this ability to rotate+ It is worth pointing out that the wide range of angles seen between domains II and III is not a result of varying three-dimensional orientations of the molecules because "out of plane" stems would not be visualized by the negative staining technique+ This is in contrast to a study of the Tetrahymena group I intron ribozyme by Nakamura et al+ (1995) that employed a rotary shadowing technique that does impart contrast to distal segments of a stem that protrudes We have refined the model of the HCV IRES structure based on possible arrangements of domains II and III (Fig+ 7)+ Flexibility may be necessary for interaction of domain III with proteins involved in initiation of translation+ Although a recent study shows that subunits of eIF3 can bind to domain III in isolation (Buratti et al+, 1998) , binding of the ribosomal protein S9 of the 40s ribosomal subunit requires the correct orientation of domains IIa, IIc, and IIId (Oldreman-Macchioli et al+, 2000)+ Thus movement of domain II relative to domain III may be prerequisite for binding of the 40s ribosomal subunit or subsequent events in HCV IRESmediated initiation of translation+ Unfortunately, the small size of the predicted apical loop of domain II precludes the use of oligonucleotides for further characterization of this region of the IRES+ The shortest stem (stem c) seen on the particles is 2 nm long and probably corresponds to domain IV+ This region is adjacent to the pseudoknot and the putative ribosomal-binding site+ The exact role of this stem in translation initiation is unclear as several studies demonstrate that disruption of the stem loop that forms domain IV has little effect on the efficiency of translation (Tsukiyama-Kohara et al+, 1992; Wang et al+, 1993)+ In contrast, certain reporter constructs in which the base pairing of this stem has been disturbed show a marked decrease in expression of the reporter protein (Reynolds et al+, 1995; Honda et al+, 1996; Lu & Wimmer, 1996) + In the latter case, the reporter gene sequence may interact with and disrupt upstream secondary and tertiary RNA structures, thereby altering the conformation of the IRES+ It is clear however, that the hinge region between stems a and b is critical for ribosome attachment+ Interaction of additional proteins with the upper regions of these stems may stabilize this hinge region and thereby facilitate or regulate internal ribosome entry+ Although it is possible that additional domains may not be visualized by negative staining due to out of plane orientation, this is unlikely to be the case because the size of the domains seen correlates well with size and structure of the predicted model+ Hybridization of the RNA molecules with specific oligonucleotides complementary to predicted singlestranded regions served both to conclusively identify the observed particles as IRES elements and to orient the images with respect to the overall proposed structure+ Hybridization with a biotinylated oligonucleotide and visualization with streptavidin-labeled gold particles confirmed that the structures seen were, indeed, IRES elements+ Furthermore, hybridization of the IRES RNA with tandem repeat oligonucleotides resulted in dimerization of the particles+ From this it can be concluded that the particles are monomeric, because multimeric hybridized aggregates would be seen if each particle was composed of more than one molecule+ It was also possible to equate the points of contact of the dimeric structures with the sequences to which the oligonucleotides were complimentary+ This approach enabled identification of the domain IIIb loop of the HCV IRES+ PTB is involved in mRNA splicing in eukaryotic cells but has also been shown to be essential for efficient IRES-mediated translation in picornaviruses+ Although PTB binding to the HCV IRES has been demonstrated by UV crosslinking and RNase protection, no functional role for this interaction has been demonstrated+ Binding of PTB to a region within domain III was clearly demonstrated by using colloidal gold and a specific antibody to label the RNA-binding protein+ The HCV IRES contains three polypyrimidine tracts, one at the base of domain II (nt 37-45), a second in the sequence between domains II and III (nt 120-130) and finally in the apical loop of domain III (nt 191-199)+ UV crosslinking studies confirm the ability of PTB to associate with each of these regions (Ali & Siddiqui, 1995) + Our data suggest a preference for binding of PTB to the second polypyrimidine tract of the HCV IRES in domain IIIb+
The picornavirus FMDV has a type II IRES (Fig+ 6C) that is larger than that of HCV and has a more complex predicted structure+ It also differs from HCV in requiring almost all of the canonical initiation factors, as well as PTB, to initiate translation of the FMDV genome+ For comparison with the HCV IRES, the FMDV IRES was also visualized and preliminary data are presented+ Although, as expected, the FMDV IRES was larger than and appeared to be structurally distinct from the HCV IRES, the observed size difference was greater than would be predicted from the length of the transcripts+ The FMDV IRES RNA is 16% longer than the HCV IRES transcript but appears to be 46-60% larger by EM+ However, in the HCV IRES RNA, the first 40 nt upstream of domain II and 40 nt down stream of domain IV are almost entirely single stranded and would therefore be lost to the background with the staining FIGURE 7. Alignment of HCV IRES domains based on EM studies+ procedure employed+ Thus, only 300 nt of the HCV IRES formed visible structures+ In comparison, as there is very little single-stranded RNA in the FMDV IRES transcript, almost the entire 442 nt was visualized, making an estimated size difference of 42%+ The presence of a pseudoknot in the HCV RNA would also pull the molecule into a more compact structure than the FMDV IRES+ Orientation of the FMDV IRES is now required to distinguish the stems seen for comparison with the predicted model+ The ability to visualize interactions of the FMDV IRES with PTB allows the tentative assignment of domains to stems within the images+ Previous studies indicate that PTB binds to two sites on the FMDV IRES, the apical loops of domain II and IVa+ It was previously unclear as to whether these two sites formed a single binding domain or were capable of interacting with the protein independently+ This study shows that the latter is the case as gold labeling of IRES-bound PTB is seen in two distinct regions of the molecule+ We predict that the binding sites in Figure 3B We show here that negative staining EM techniques can be used to visualize IRES RNAs, which are seen as particles of distinct morphology+ Further application of this technique to give low-resolution information on the structure of such RNA segments will aid interpretation of higher resolution data that may be obtained by other biophysical methods such as NMR spectroscopy and X-ray crystallographic analysis of defined domains+ NMR spectroscopy has recently been successfully employed to solve the structure of two small domains of the HCV IRES (IIId and IIIe; Klinck et al+, 2000; Lukavsky et al+, 2000) + Examination of additional protein/RNA complexes by EM of negatively stained specimens, combined with the recent advances in cryo-EM that will make possible single-particle reconstruction of the IRES complexed with the ribosome, will also help to provide insights into the structure/function relationships in cellular and virus IRESs+
MATERIALS AND METHODS
HCV IRES template
The template for transcription in vitro, SK-HCV 59UTR consisted of nucleotides 1-380 of HCV strain N2, genotype 1b (full-length clone of HCV N2 kindly donated by Prof+ S+ Lemon, University of Texas, Galveston) downstream of a T7 RNA polymerase promoter sequence on a pBluescript SKϩ (Stratagene) background+ The cloned region of HCV encodes the full 59UTR as well as the first 39 nt of the core coding region+
Preparation of HCV IRES RNA
Approximately 10 mg SK-HCV59UTR was transcribed in vitro using 5 mg T7 RNA polymerase in a 100-mL reaction mix containing 80 mM HEPES-KOH, pH 7+5, 24 mM MgCl 2 , 2 mM spermidine, 40 mM DTT, 7+5 mM each rNTP, 500 U inorganic pyrophosphatase and 4 U ribonuclease inhibitor+ The transcription reaction was incubated overnight at 37 8C, after which the template was digested with 10 U RNase free DNase (Promega) for 15 min at 37 8C+ The transcribed RNA was purified by phenol chloroform extraction followed by ethanol precipitation and washing+ The resuspended RNA was further purified using a Nanosep 10K filter (Flowgen)+ The integrity of the purified transcripts was determined by electrophoresis on a 6% polyacrylamide, 7 M urea, TBE gel+ To ensure correct folding of the IRES, magnesium chloride was added to the RNA to a concentration of 5 mM and the solution heated to 65 8C for 1 min followed by cooling to room temperature for 30 min+
Electron microscopy
After purification and folding, the RNA was diluted to 2+5 mg mLϪ 1 (;10 14 molecules mL Ϫ1 )+ The HCV IRES was adsorbed onto a carbon film and negatively stained using an aqueous solution of uranyl acetate (4% w/v, pH 4+25) following essentially a protocol described by Hoppert and Holzenburg (1998)+ The adsorption time was 30 s followed by a wash in double-distilled water for 10 s and incubation on 4% uranyl acetate for 1 min+ Specimens were then mounted onto copper grids (400 mesh) and blotted dry+ Micrographs were recorded on Agfa Scientia 23D56 electron image sheet films at calibrated magnifications in a Philips CM10 transmission electron microscope operated at 100 kV+
Steptavidin-gold labeling
The HCV IRES was hybridized with a biotinylated oligonucleotide specific to the loop region of domain IIIb, which was then labeled with streptavidin-coated gold particles+ A 150-mL droplet of the HCV IRES (2+5 mg mL Ϫ1 in 50 mM Tris HCl, pH 8+0, 10 mM MgCl 2 ), prepared as above, was overlaid with 10 mL of the biotinylated oligonucleotide (;10 15 molecules mL Ϫ1 ; biotin-59-TTATCCAAGAAAGG-39)+ After 1 min, 10 nm streptavidin-coated gold particles were added+ The mix was adsorbed onto carbon film and stained as previously described+
Coupling of IRES molecules
Tandem repeat oligonucleotides (Table 1) were used to couple HCV IRES molecules+ The RNA droplet prepared as above was overlaid with 10 mL of the appropriate oligonucleotide and incubated for 1 min prior to staining and mounting (see above)+
PTB binding
His-tagged PTB was expressed in Escherichia coli SG13009 cells using a construct kindly donated by S+ Curry (Imperial College, London)+ The expressed protein was purified using TALON metal-affinity resin according to the manufacturer's instructions+ Briefly, PTB was solubilized by sonication in lysis buffer (20 mM Tris HCl, pH 7+6, 250 mM NaCl) ϩ 0+1% Triton X-100+ The cleared lysate was added to the TALON resin and incubated 1 h at room temperature with gentle rocking+ The resin was washed in lysis buffer containing 10 mM imidazole and PTB eluted in lysis buffer ϩ 100 mM imidazole+
To demonstrate binding of the HCV IRES to the purified His-tagged PTB, an co-immunoprecipitation of the IRES bound to PTB was performed+ As a negative control, Histagged HCV NS5A was also incubated with the IRES and immunoprecipitated+ In each case, 5 mg of protein (PTB or NS5A) was incubated with 2+5 mg HCV IRES in 40 mM HEPES-KOH, pH 7+5, 35 mM NaCl, 12 mM MgCl 2 for 1 h at room temperature+ Antipolyhistidine antibodies (Sigma) were incubated with protein G-agarose (Sigma) for 1 h at 4 8C+ The agarose was pelleted by centrifugation and resuspended in the above protein-IRES binding mix+ The resulting mix was incubated at room temperature for 1 h, after which the protein G-agarose was pelleted and the supernatant removed for analysis by native polyacrylamide-TBE gel electrophoresis+ Protein A-coated colloidal gold (5 nm spheres; Sigma) was diluted 1:100 in 20 mM Tris HCl, pH 7+5, 50 mM NaCl and antipolyhistidine antibodies were added to a concentration of 200 ng mL Ϫ1 and incubated for 30 min at room temperature+ Purified PTB was then added to 4 mg mL Ϫ1 and HCV IRES transcripts to 5 mg mL Ϫ1 + The mixture was then incubated a further 30 min at room temperature+ Samples were then prepared for electron microscopy as described above+
Preparation and visualization of the FMDV IRES
The IRES (442 nt immediately preceding the initiation codon) of FMDV strain A10 was also cloned into a Bluescript SK vector and transcribed in vitro as detailed above+ Transcripts were purified and prepared for TEM as previously described+ PTB binding and visualization by immunolabeling and EM were carried out as described above for the HCV IRES+ 
